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We report the first observation of two wobbling bands in 183Au, both of which were interpreted
as the transverse wobbling (TW) band but with different behavior of their wobbling energies as a
function of spin. It increases (decreases) with spin for the positive (negative) parity configuration.
The crucial evidence for the wobbling nature of the bands, dominance of the E2 component in the
∆I = 1 transitions between the partner bands, is provided by the simultaneous measurements of
directional correlation from the oriented states (DCO) ratio and the linear polarization of the γ rays.
Particle rotor model calculations with triaxial deformation reproduce the experimental data well. A
value of spin, Im, has been determined for the observed TW bands below which the wobbling energy
increases and above which it decreases with spin. The nucleus 183Au is, so far, the only nucleus in
which both the increasing and the decreasing parts are observed and thus gives the experimental
evidence of the complete transverse wobbling phenomenon.
Nuclear wobbling excitation is a manifestation of non-
axial nuclear shape which was first discussed by Bohr and
Mottelson [1]. The non-axial (triaxial) nuclear shape ap-
pears due to the unequal nuclear mass distribution along
the three principal axes and implies three unequal mo-
ments of inertia about the three principal axes. A triax-
ially deformed nucleus always tries to rotate around the
medium (m) axis having the largest moment of inertia
but the presence of the rotations around the other two
axes i.e., short (s) and long (l), generates a precession of
the medium axis rotation about the space-fixed angular
momentum axis, similar to the classical wobbling motion
of an asymmetric top [2]. The energy spectrum of this
excitation is given by [1]:
E = Erot + (nw + 1/2)~ωwob
where, the term Erot, corresponds to the rotation about
the medium axis while nw is the wobbling quanta and
~ωwob is the wobbling frequency with wobbling energy
Ewob = ~ωwob. This generates a series of rotational bands
with different nw.
This exotic excitation has been observed only in a few
odd-A nuclei [3–13]. In case of the odd-A nuclei, the odd
particle in high-j orbital couples with a triaxial core and
modifies the wobbling motion. Depending on the cou-
pling of the odd particle, two types of wobbling bands can
be observed: Longitudinal Wobbling (LW) and Trans-
verse Wobbling (TW) [14]. In LW, the angular momen-
tum of the odd particle aligns along the medium axis
while in TW, it aligns along one of the perpendicular
axes (short or long).
An extensive theoretical description of the wobbling
motion has been given by Frauendorf and Do¨nau [14]
in terms of a quasiparticle triaxial rotor (QTR) model.
Analytical expression for ~ωwob has been derived with
the assumption of “Frozen Alignment” and harmonic os-
cillation (HFA). It was shown that Ewob increases as a
function of angular momentum (I) in case of LW which
has been recently observed experimentally in 133La [10]
and 187Au [12]. However, in case of TW, the variation of
Ewob is highly dependent on the values of the moments
of inertia, Jm, Js and Jl along the medium, short and
long axes, respectively, of the triaxial core. In general,
Ewob decreases with I. But in a situation where Jm is
slightly larger than Js and both are much larger than Jl,
the value of Ewob increases with the increase of I for the
lower values of I and then decreases with I [14]. So far, in
all the cases, in which the experimental evidence of TW
bands have been reported, only the decreasing part of
the Ewob has been observed. Therefore, it was generally
believed that the LW and TW can be distinguished from
the variation of Ewob with I; increasing (decreasing) of
which corresponds to LW (TW).
In this letter we report the observation of two TW
bands in 183Au. Ewob has been found to increase with
I in one of these bands, the first example of such a be-
havior of a TW band, while in the other band Ewob de-
creases with I. Thereby, it constitutes the only example
of experimental observation of a complete scenario of the
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FIG. 1. Level scheme of 183Au, established from the present work. Line widths are proportional to their intensities. The
level energies are obtained by fitting the γ-ray energies using the code GTOL [15]. Representative gated γ-ray spectra for
a few transitions, projected from the 2-dimensional DCO and polarization matrices, are shown in the insets (a), (b) (c) and
(d). The spectra in (a) and (b) are used for DCO ratio (RDCO) whereas (c) and (d) are used for linear polarization (P)
measurements. The insets (e) and (f) show the experimental (symbol) and calculated (solid line) values of RDCO and P of two
of the transitions in 183Au. The 557 keV is a known E2 transition decaying from 37/2+ to 33/2+ in band (4) and 428 keV is
a known E1 transition from 13/2+ to 11/2− between band (4) and band (1). These transitions show very small mixing ratios
(δ) as they should be. The new transitions in the level scheme are marked by asterisks.
transverse wobbling phenomenon.
The excited nw = 1 wobbling bands decay to the nw
= 0 yrast bands via ∆I = 1, collectively enhanced E2
transitions [12, 14]. On the other hand, in case of the
signature partner (SP) bands (which occurs when the
odd-particle angular momentum is not fully aligned with
the rotation axis), the connecting transitions are predom-
inantly ∆I = 1, M1 type [12]. Therefore, experimentally
the wobbling partner band and the SP band can be dis-
tinguished from the nature of the connecting transitions
between the partner band and the yrast band. For clear
identification of wobbling, it is important to experimen-
tally observe both the signature partner band and the
wobbling partner band decaying to the main band.
The excited states of 183Au in this work were popu-
lated using the 169Tm(20Ne, 6n)183Au fusion evaporation
reaction at the bombarding energy of 146-MeV from the
K-130 cyclotron facility at the Variable Energy Cyclotron
Centre (VECC), Kolkata. A thick (23 mg/cm2) 169Tm
foil was used as the target for this experiment. The γ rays
emitted from the residual nuclei were detected by the
Indian National Gamma Array (INGA) facility which
was composed of eight Compton-suppressed (BGO anti-
Compton shields) clover HPGe detectors and two HPGe
planar LEPS (Low Energy Photon Spectrometer). A to-
tal of 1.5 × 109 two- and higher-fold coincidence data
with time stamp were recorded in a fast (250 MHz) digi-
tal data acquisition system based on Pixie-16 modules of
XIA [16]. The data were sorted using the IUCPIX pack-
age [16], and were analyzed using the radware package
[17]. Several Eγ-Eγ coincidence matrices and a Eγ-Eγ-
Eγ cube were constructed from which single- and double-
gated spectra were projected for the analysis.
A new and improved level scheme of 183Au has been
established (Fig. 1) with 14 new γ rays including a new
band, the band (6), compared to the previous studies
[18, 19]. Representative gated spectra are shown in the
insets in Fig. 1.
For unambiguous assignment of multipolarity (λ) and
type (E/M) of a γ-ray transition as well as its mixing
ratio δ, in case of a mixed transition (e.g. M1+E2), the
combined measurements of linear polarization (P) and
DCO (Directional Correlation from the Oriented states)
ratio (RDCO), as described in Ref. [20–24], have been
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FIG. 2. Experimental (symbol) and calculated (solid line)
values (for different mixing ratios δ) of DCO ratios (RDCO)
and linear polarization (P) of the connecting transitions that
decay to the negative parity band (2) (a − e) and to the
positive parity band (4) (f − j).
performed. The measured values of P and RDCO of a γ
ray have been compared with the values calculated for
several δ. For a pure transition, the measured values
would lie close to the ones calculated with δ ∼ 0. This
is demonstrated for two transitions in 183Au, known to
be E2 and E1 (see insets (b) and (c) of Fig. 1). In the
case of ∆I = 1 transition with enhanced E2 component,
measured values would lie close to the calculated ones
with large δ.
Both negative- and positive-parity yrast bands, band
(2) and (4), in 183Au have two side bands each and are
connected by ∆I = 1 transitions. The measured and the
calculated values of P and RDCO for these connecting
transitions are plotted in Fig. 2. The low values of δ, ob-
tained for the connecting transitions from bands (1) and
(6) to the respective negative and positive parity yrast
bands, suggest that they are mostly of pure M1 type
(about 1% E2). On the other hand, quite large values
of δ are resulted for the transitions connecting the side
bands (3) and (5) to the respective yrast bands, It clearly
indicates the predominantly E2 nature (about 90% E2)
of these transitions. Therefore, the bands (1) and (6)
have been identified as the SP bands, while the bands
(3) and (5) are identified as the one-phonon wobbling (nω
= 1) bands. It is the first instance that a pair of wob-
bling bands with positive and negative parity has been
identified in a nucleus.
The positive and the negative parity bands in 183Au
were assigned the configurations pii13/2 and pih9/2, re-
spectively [19]. Both of these orbitals are situated above
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FIG. 3. Experimental wobbling energy Ewob as a function of
angular momentum I for the negative parity (a) and the pos-
itive parity (b) bands in 183Au. The theoretically calculated
values are also shown. The error bars on experimental values
are within the size of the data points.
the Z = 82 shell closure and, hence, they are of particle
character with large contribution from the low-Ω (Ω =
projection of the particle angular momentum on to the
symmetry axis) Nilsson configuration. The quasiparticle
aligned angular momentum ix ≈ 6.5~, estimated for the
positive parity yrast band from its level energies, indi-
cates fully aligned Ω = 1/2, i13/2 configuration. In case
of the negative parity band, the estimated value of ix
(≈ 3.5~) is somewhat less than the fully aligned value
(= 4.5~), suggesting a small mixing with larger Ω or-
bitals. However, both of these situations favor the align-
ment of the odd particle perpendicular to the medium
axis and, hence, the occurrence of transverse wobbling.
It was shown in Ref. [14] that the variation of the wob-
bling energy with spin (I) depends on the type (LW or
TW) of wobbling motion. Experimentally, the wobbling
energy Ewob = ~ωwob can be obtained from the energy
differences between the nw = 1 wobbling partner band
and nw = 0 yrast band using the relation [9–12]
Ewob = E(I, nw = 1)−
[E(I − 1, nw = 0) + E(I + 1, nw = 0)]/2,
where E(I) is the excitation energy of the state with
angular momentum I.
The experimental values of Ewob for both the wobbling
bands, identified in 183Au in the present work, are plot-
ted in Fig. 3. It can be seen that the wobbling energy
decreases (increases) with I for the negative (positive)
parity band and hence, it may be, in general, considered
as TW (LW). However, the low-Ω, i13/2 configuration
for the positive parity band is in contradiction to the LW
geometry of the coupling of the odd quasiparticle. There-
fore, this band is, most likely, the initial part of a TW
band, predicted in Ref.[14] for the same pii13/2 configu-
ration in 163Lu but has not been observed in any nucleus
prior to this work.
In order to understand the observation of wobbling
bands in 183Au, theoretical calculations in the frame work
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FIG. 4. Measured values of the ratio of transition probabili-
ties, B(E2)out/B(E2)in and B(M1)out/B(E2)in, determined
from the γ-ray intensities, as a function of angular momen-
tum I for the negative parity (a and c) and the positive parity
(b and d) bands in 183Au. The theoretical values calculated
from PRM are also shown.
of particle rotor model (PRM) [14, 25–28] has been per-
formed. As the input to the calculations, the deforma-
tion parameters of β = 0.30 and γ = 20.0◦ and the mo-
ments of inertia Jm,s,l = 36.85, 25.70, 5.45 ~2/MeV for
the negative parity band, while β = 0.29, γ = 21.4◦,
and Jm,s,l = 50.00, 37.52, 2.38 ~2/MeV for the positive
parity band have been used. The deformation param-
eters are obtained by the covariant density functional
theory (CDFT) [29, 30] with PC-PK1 effective interac-
tion [31], and the moments of inertia are fitted to the
energy spectra. In both calculations, the pairing gap
∆ = 12/
√
A = 0.89 MeV is adopted. It should be
noted that the calculations can reproduce the experimen-
tal B(E2) values [32], which justifies the correct predic-
tion of the deformation parameters by CDFT. We have
also carried out calculations by including cranking terms.
The equilibrium deformations for both negative and pos-
itive parity bands change only within 0.01 for β and 1◦
for γ from the bandhead to the highest spin, which jus-
tifies the assumption of a constant deformation for the
PRM calculations.
The results of the calculations are shown in Figs. 3
and 4. The wobbling energies (Ewob) for both the
bands are well reproduced in the calculations. More-
over, the experimental B(E2)out/B(E2)in values, deter-
mined from the measured γ-ray intensities, agree well
with the calculated ones (Fig. 4) which justifies the cor-
rect inputs of triaxiality by CDFT. The overestimation
of the B(M1)out/B(E2)in values is attributed to the ab-
sence of scissors mode in the calculations [33]. The large
B(E2)out/B(E2)in and small B(M1)out/B(E2)in values
further support the wobbling interpretation for both the
bands.
The values of the three moments of inertia obtained for
the two wobbling bands in 183Au indicate that the ratios
TABLE I. The moments of inertia along medium (Jm), short
(Js) and long (Jl) axes obtained for the wobbling bands in
183Au, 135Pr and 105Pd. The values for the later two nuclei
are taken from Ref. [14] and [9], respectively. The estimated
values of Im based on HFA approximation are also given.
183Au 183Au 135Pr 105Pd
pii13/2 band pih9/2 band pih11/2 band νh11/2 band
Jm 50.00 36.85 21.0 9.24
Js 37.52 25.70 13.0 5.87
Jl 2.38 5.45 4.0 1.99
Jm/Js 1.33 1.43 1.61 1.57
Im (~) 16.5 7.5 5.5 6.5
of both Jm/Jl and Js/Jl are much higher in case of the
positive parity pii13/2 band. It makes this band an ideal
candidate for the observation of the, hitherto unobserved,
initial part of a TW band in which Ewob increases with I
until a certain value Im after which, it starts to decrease.
The value of Im must be sufficiently large in order to
experimentally observe the increasing part. According
to the harmonic wobbling model with frozen orbital ap-
proximation (HFA) of Ref. [14], the larger is the value of
the quasi particle angular momentum j, and closer is the
value of Jm / Js to unity, the larger will be the value of
Im.
The Im values estimated from the HFA model in
183Au
have been compared, in Table I, with the TW bands re-
ported in the two other normal deformed nuclei, 105Pd
[9] and 135Pr [11]. The configurations of the TW bands
in 105Pd and 135Pr are νh11/2 and pih11/2, respectively.
The value of Im is the largest for the pii13/2 band in
183Au
among these nuclei and is much more than the initial
spin of its wobbling band. Therefore, Ewob for this band
would fall in the increasing part of the predicted TW
band. This is further established from Fig. 5 in which
Ewob calculated from the HFA model using the fitted
moments of inertia values Jm,s,l from Table I are plotted
as a function of spin along with the measured Ewob. The
calculated values are suitably normalised for comparison.
Excellent agreement between experiment and theory has
been achieved for all the cases. It can be seen that the
data points corresponding to the pii13/2 band in
183Au
match with the increasing part while for the others they
fall nicely on the decreasing part of the curves for which
the values of Im are lower than the lowest spin of the
observed wobbling bands.
This shows, for the first time, an experimental evidence
of the general nature of the TW bands in terms of the
variation of the wobbling energy in which both increasing
and decreasing parts of the Ewob are observed.
It may also be pointed out that similar to the mul-
tiple chiral doublet (MχD) bands [30], the observation
of the presence of multiple TW bands is also an evi-
dence of triaxial shape coexistence in 183Au. Though
the triaxial shape coexistence has been experimentally
confirmed in several nuclei through MχD bands (see for
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FIG. 5. Experimental and calculated values (see text for de-
tails) of wobbling energies as a function of angular momentum
(I) for the (a) positive (i13/2) and (b) negative (h9/2) parity
wobbling bands in 183Au. For comparison, the same for the
normal deformed TW bands in 135Pr (c) and 105Pd (d) are
also shown. Data for the later two nuclei are obtained from
Ref.[11] and [9], respectively.
example [34, 35] and references there in), but its realiza-
tion through the observation of multiple wobbling bands
is being reported for the first time.
In summary, clear experimental evidence for the exis-
tence of two wobbling bands, based on a positive (i13/2)
and a negative (h9/2) parity configuration, has been ob-
served in 183Au. Both the bands are suggested as the
transverse wobbling bands based on the calculations by
PRM and HFA models. The present work represents the
first observation of TW bands in A ∼ 180 region and a
first identification of the initial increasing part of wob-
bling energy as a function of spin in a TW band, in the
whole of the nuclear chart. One important conclusion
from the present work is that the decrease of Ewob with
I may not be considered as a necessary condition for the
evidence of TW. Moreover, this is, so far, the only exam-
ple of the observation of wobbling bands based on both
positive and negative parity configurations in a single nu-
cleus and represents the first evidence of triaxial shape
coexistence in Au isotopes.
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